Clustering properties and peculiar velocities of halos in large-scale structure carry a wealth of cosmological information over a wide range of scales from linear to nonlinear scales. We use halo catalogs in a suite of highresolution N-body simulations to construct mock catalogs of galaxies that resemble the SDSS-like luminous early-type galaxies at three redshift bins in the range 0.15 ≤ z ≤ 0.7. To do this we include 10 nuisance parameters to model variations in halo-galaxy connections for each redshift bin; the halo occupation distribution, and the spatial and velocity distributions of galaxies in the host halos. We evaluate the Fisher information matrix for the redshift-space power spectrum of SDSS-like galaxies using different sets of the mock catalogs that are generated from changes in each of model parameters; cosmological parameters (σ 8 and Ω m ), the halo-galaxy connection parameters, and the cosmological distances (D A and H parameters at each redshift bin) for modeling an apparent geometrical distortion of the redshift-space power spectrum (the Alcock-Paczynski effect). We show that combining the monopole and quadrupole power spectra of galaxies allows for accurate estimations of the cosmological parameters and the cosmological distances, even after marginalization over the halo-galaxy parameters, by lifting the parameter degeneracies that are otherwise inevitable if either of the two spectra alone is used. When including the galaxy power spectrum information up to k = 0.3 h Mpc −1 , we find about factor of 6 gain in the cosmological information content of (σ 8 , Ω m , D A 's and H's) compared to k = 0.2 h Mpc −1 . We also discuss the use of redshift-space galaxy power spectrum for a model-independent measurement of redshift-space distortion strength and a possible impact of the assembly bias on the cosmological parameters.
I. INTRODUCTION
The cosmic large-scale structure (LSS), which originates from the gravitational amplification of primordial fluctuations over the cosmic time in an expanding universe, is one of the most fundamental observables of cosmology. In particular redshift-space clustering statistics of galaxies, measurable from a wide-area spectroscopic survey of galaxies, is one of the most powerful probes for estimating cosmological parameters including dark energy parameters, as well as for testing properties of gravity on cosmological scales. To aim at addressing these fundamental questions in cosmology, various wide-area spectroscopic surveys are ongoing or being planned: these include the Sloan Digital Sky Survey (SDSS) [98] , the SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS) [1] , the SDSS-IV extended BOSS survey (eBOSS) [2] , the Dark Energy Spectroscopic Instrument (DESI) [3] , the the Subaru Prime Focus Spectrograph (PFS) [4] , the ESA Euclid mission [5] and the NASA Wide Field Infrared Survey Telescope (WFIRST) [6] .
Since galaxies are biased tracers of the underlying matter (mostly dark matter) distribution in the large-scale structure, galaxies have their peculiar velocities, which are apart from the homogeneous and isotropic Hubble expansion, as a consequence of structure formation. The peculiar velocities then cause a modulation in redshifts of individual galaxies observed in a spectroscopic survey. Hence the observed galaxy distribution in redshift space is apparently distorted along the line-of-sight direction -the so-called redshift-space distortion (RSD) effect [7, 8] . Even if the intrinsic (real-space) galaxy distribution is statistically homogeneous and isotropic, the RSD effect induces an apparent anisotropic pattern in the galaxy distribution in redshift space. For instance, the two-point correlation function of galaxies becomes a function of two-dimensional separations between pairs of galaxies that are parallel and perpendicular to the line-of-sight direction.
Measurements of the redshift-space clustering of galaxies have been used to constrain cosmological parameters as well as test gravity theory [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Whilst these results look promising, a main challenge in extracting the cosmological information from the redshift-space clustering is inherent in uncertainties in modeling galaxy bias as well as nonlinearities in galaxy clustering and RSD effects. In particular physics inherent in galaxy formation and evolution is impossible or at least very difficult to model from the first principles, and an empirical approach, e.g. introducing parameters to model the effects of galaxy bias, needs to be employed and then the effects have to be marginalized over when deriving cosmological constraints. Although a model employing the Kaiser formula plus the linear bias model is accurate and robust in the linear regime, it ceases to be accurate in the quasi-nonlinear regime, especially more quickly at k 0.05 h Mpc −1 for the RSD effect compared to 0.1 h Mpc −1 for the real-space clustering. Hence, to include the clustering information up to the quasi-nonlinear regime, which has a more statistical power, the previous works usually employ the perturbation theory approach including the perturbative expansion of galaxy bias [20] [21] [22] [23] [24] [also see 25, 26 , for a review] or the extension including the corrections of UV-sensitive calculations in the standard perturbation theory [27] . The cosmological information extractable from the RSD effect or bias parameters within these perturbative frameworks were also investigated [e.g., [28] [29] [30] . Although the perturbation theory approach gives a well-defined framework of nonlinear structure formation, it breaks down in the nonlinear regime, and the validation range and flexibility of describing the redshift-space clustering, especially the nonlinear RSD effect and nonlinear galaxy bias, are not yet clear or have not been fully explored.
An alternative approach to model the nonlinear redshift-space clustering is a method using simulations. Hydrodynamical simulations including galaxy formation physics are ideal, but are still computationally expensive [e.g. see 31 , for the recent developtment]. Instead N-body simulations are tractable, and allow for running many realizations for different cosmological models [32, 33] . In particular, we can identify dark matter halos from a concentration of particles in phase space in N-body simulation output as places where galaxies are likely to be formed. With currently available numerical resources we can construct an ensemble of halo catalog realizations for different cosmological models, and build a database or "emulation tool" that allows for a fast, accurate computation of clustering statistics of halos as a function of cosmological models, halo masses, redshifts and separations (wavenumbers) [34] [also see [35] [36] [37] . For example, the SDSS BOSS provides the large spectroscopic sample of luminous early-type galaxies that are believed to reside in halos with a typical mass of 10 13 h −1 M , and such massive halos are relatively easy to simulate for a sufficiently large cosmological volume (∼ 1 h −1 Gpc). Hence the purpose of this paper is to assess cosmological information content in the redshift-space power spectrum of galaxies assuming that we can accurately model the nonlinear clustering, nonlinear biasing and RSD effects of halos hosting the galaxies. For this purpose, we use a suite of halo catalogs, constructed from high-resolution N-body simulations, to build mocks of galaxies that resemble the SDSS BOSS galaxies, using the halo occupation distribution (HOD) method [38] [39] [40] [41] . To create realistic mock catalogs, we include a sufficient number of nuisance parameters that model the halo-galaxy connection; the population of central and satellite galaxies, the off-centering effects of central galaxies, and the spatial and velocity distributions of satellite galaxies in the host halos. We then measure the monopole and quadrupole moments of the redshift-space galaxy power spectrum as our hypothetical observables of the redshift-space galaxy clustering. We evaluate the sensitivity of redshiftspace galaxy power spectrum to each of model parameters using different mock catalogs of galaxies that are generated from changes in each of model parameters (cosmological parameters and the halo-galaxy connection parameters). In doing this we also include apparent anisotropic clustering patterns in the redshift-space galaxy distribution that are caused if an assumed cosmological model, which needs to be employed to convert the observed angular separations and redshifts to the comoving coordinates in the clustering analysis, is different from the underlying true cosmology -the so-called Alcock-Paczynski (AP) effect [42] . Thus we use the redshift-space power spectra of galaxies, measured from these mocks, to numerically evaluate the Fisher information matrix for the SDSS-like galaxies, and then assess the cosmological information content up to the quasinonlinear regime (k max = 0.3 h Mpc −1 in our exercise), after marginalization over the halo-galaxy connection parameters. Our study is somewhat based on the similar motivation to the previous works [43, 44] , but our work is different in the sense that we purely rely on the N-body simulations to model the redshift-space power spectrum of host halos up to the nonlinear regime, while the previous works used the perturbation theory based model.
The structure of this paper is as follows: In § II we briefly describe the redshift-space galaxy power spectrum and the halo model formalism, and define various parameters we will use in the subsequent sections. In § III we give details of the N-body simulations and the procedures to mock catalogs for the SDSS-like galaxies, as well as to measure the redshift-space power spectrum from the mock catalog. In this section we also study how a change in each of the model parameters alter the galaxy power spectrum. § IV gives the main results of this paper. We show forecasts of cosmological parameters and the cosmological distances expected from the redshift-space power spectrum of SDSS-like galaxies. In § V we give discussion of how the redshift-space power spectrum can be used to robustly measure the strength of RSD effect in the presence of uncertainties in the halo-galaxy connection, and discuss a possible impact of the assembly bias on the cosmological parameter estimation from the redshift-space galaxy power spectrum. In § VI we give a conclusion.
II. PRELIMINARIES
We extensively use a sufficiently large number of realizations of the mock catalogs for a hypothetical galaxy survey, which are constructed from halo catalogs of high-resolution N-body simulations, and then perform a Fisher matrix analysis using the galaxy power spectra measured from the mocks. In this section, we describe basics of redshift-space distortion effect on the galaxy power spectrum and the halo occupation distribution (HOD) that gives a prescription of connecting galaxies to halos in the N-body simulation realization.
A. Redshift-space galaxy power spectrum
In redshift space the positions of galaxies appear to be modulated by their peculiar velocities along the line-of-sight direction as
where s or x is the redshift-or real-space position of a galaxy, respectively, and v LoS is the line-of-sight component of the peculiar velocity, a is the scale factor, H(z) is the Hubble expansion rate at redshift z, andê LoS is the unit vector along the line-of-sight direction. The density fluctuation field of galaxies in redshift space is related to the real-space density field via the number conservation of galaxies as
where δ(x) is the density fluctuation field at the position x, and quantities with superscript "S" throughout this paper denote their redshift-space quantities. Throughout this paper we employ the distant observer approximation or equivalently the planeparallel approximation. Under this approximation, we can take the line-of-sight direction to all the galaxies to be along the z-axis (ê LoS =ẑ) without loss of generality. Fourier-transforming Eq. (2) yields
where δ D (k) is the Dirac's delta function. The redshift-space distortion breaks the statistical isotropy of galaxy distribution. The redshift-space two-point correlation function of galaxies in Fourier space, i.e. the redshift-space power spectrum, is defined as
Even if the real-space power spectrum depends only on the length of wavevector k = |k| due to the statistical isotropy, the redshift-space distortion leads the redshift-space power spectrum to depend on the direction of k with respect to the line-of-sight direction. Since the statistical isotropy retains in the two-dimensional plane perpendicular to the line-of-sight direction, denoted as k ⊥ , the k-direction dependence of redshift-space power spectrum is fully characterized by the direction cosine µ ≡ k z /k. We can then decompose the µ-dependence of the redshift-space power spectrum into multipole moments based on the Legendre polynomial expansion as
where L (µ) is the -th order Legendre polynomial function. The monopole ( = 0) and the quadrupole ( = 2) moments are dominant terms of the anisotropic power spectrum at least on scales up to the quasi-nonlinear regime we are interested in. The current-generation galaxy redshift surveys such as the SDSS survey enable a significant detection of these two dominant moments [45, 46] .
B. Halo model prescription of galaxy power spectrum
A cosmological analysis of galaxy clustering often employs theoretical models based on linear perturbation theory or its extensions including higher-order corrections. Galaxies, selected under some criteria, are a biased tracer of the underlying matter distribution in the large-scale structure, which introduces uncertainty in their relation to the underlying matter distribution -the so-called galaxy bias. Since physical processes of galaxy formation and evolution are complicated and difficult to accurately model from the first principles, our understanding of galaxy bias is limited. Hence, a phenomenological parametrized model of galaxy bias needs to be used for a cosmological analysis of galaxy clustering. In this paper we employ the halo model approach [39, 40, 47, 48] [also see 49, for a review] to model galaxy bias, and then address how we can extract cosmological information from the redshift-space galaxy power spectrum after marginalizing over a large number of nuisance parameters to model galaxy bias uncertainty.
In the halo model, we assume that all matter is associated with halos, and then the matter auto correlation function is described by the contribution from pairs of mass elements in the same halo and those in two distinct halos, which are referred to as the 1-halo and 2-halo terms, respectively. Likewise, the galaxy correlation function is decomposed into the 1-and the 2-halo terms. We adopt the halo occupation distribution [HOD; 38, 48 ] to model how many galaxies reside in halos of a given mass. We consider an HOD model in which the mean number of central and satellite galaxies are given separately:
where the notation (M) denotes the average of a quantity for halos of a given mass M. We employ the mean HOD for central galaxies given by the following form:
where erf(x) is the error function and M min and σ log M are model parameters. Note N c ≤ 1. The mean central HOD, N c (M), can be interpreted as the probability that a halo with mass M hosts a central galaxy. The mean central HOD considered here has properties that N c → 0 for halos with M M min , while N c → 1 for halos with M M min . In our fiducial model we assume that halos host central galaxies following a Bernoulli process with the probability solely determined by the halo mass, or equivalently we ignore a possible extra dependence of the central HOD, often referred to as the halo assembly bias, on other physical properties such as large-scale environments or internal structures of halos (density profile, formation epoch, etc.).
For the mean HOD of satellite galaxies, we employ the following parametrized model:
where M sat , M 1 and α sat are model parameters, and we have introduced the notation
α sat for convenience of our following discussion. For our default prescription, we assume that satellite galaxies reside only in a halo that already hosts a central galaxy. Hence, in the above equation, N c = 1 for a halo where satellite galaxy(ies) can reside. Then we assume that the number distribution of satellite galaxies in a given host halo follows the Poisson distribution with mean λ s :
Thus a host halo of satellite galaxies has in total 1 + N s galaxies. Under this setting, the mean number of galaxy pairs living in the same halo with mass M, which is relevant for the 1-halo term calculation, can be computed as
The central and satellite HOD models we use in this paper are specified by 5 parameters
Once the HOD model is given, the mean number density of galaxies under consideration is given as
where dn/dM is the halo mass function which gives the mean number density of halos in the mass range [M, M + dM]. The redshift-space power spectrum of galaxies can be, without loss of generality, decomposed into two contributions within the halo model framework:
where P S,1h gg and P
S,2h
gg are the 1-and 2-halo terms, respectively. The 1-halo term arises from pairs of galaxies that reside in the same halo, while the 2-halo term arises from those in different halos. The two terms can be expressed as
and P S,2h
Here P S hh (k; M, M ) is the redshift-space power spectrum of two halos that have masses M and M , respectively. The above 1-halo term has an asymptotic behavior P S,1h g → 1/n gg for the limit k → 0 because H → 1. The function H(k; M, c, σ vir,M ) is the normalized, averaged two-dimensional distribution of satellite galaxies in redshift space for halos of mass M. As described in Seljak [50] and White [51] [also see Refs. 52, 53] , the redshift-space profile of galaxies is given by a convolution of the realspace number density profile and the velocity distribution function for satellite galaxies in the host halo. From the convolution theorem, the redshift-space profile in Fourier space is given as a multiplicative form
whereũ s (k; M, c) is the Fourier transform of the normalized radial profile of satellite galaxies in real space centered at their host halo with mass M. For this, we employ the Navarro-Frenk-White (NFW) model [54] ; the normalized profile is given by 
where c is the concentration parameter, r 200 is the radius corresponding to the boundary of halo, defined so as to satisfy r 200 0 4πr 2 dr u s (r) = 1. Thus the normalized NFW profile is fully specified by two parameter for which we use (M, c). The Fourier transform,ũ s (k; M, c), is given by Eq. 17 in Takada and Jain [55] [also see 48] . For the concentration parameter we employ the model in Diemer and Kravtsov [56] that gives the scaling relation of halo concentration with halo mass and redshift for a given cosmological model. However, we introduce a nuisance parameter to model a possible uncertainty in the concentration amplitude, c(M, z) → c conc c(M, z) (c conc = 1 for the fiducial model), and then study cosmological parameter forecasts after marginalizing over the parameter c conc .
The function F s in Eq. 14 describes an apparent displacement of satellite galaxy due to its peculiar velocity with respect to the halo center -the so-called fingers-of-God (FoG) effect. To model the FoG effect, we need to assume the velocity distribution of satellite galaxies which is not well understood. In this paper we assume a Gaussian distribution for the velocity function for simplicity:
where the radial displacement is given in terms of the radial component of peculiar velocity as ∆r = v /[aH(a)]. The velocity distribution function satisfies the normalization condition:
For the one-dimensional velocity dispersion σ vir,M (r) we assume the virial velocity dispersion following Hikage et al. [52] :
where M(< r) is the mass enclosed within the radius r (in the physical length scale, not comoving scale) from the center of the halo, and can be calculated by assuming the NFW profile. Thus we assume a radially-varying velocity dispersion depending on the position of satellite galaxy at r inside the host halo. The FoG effect causes an anisotropic modulation in galaxy clustering. In order to study the impact of an uncertainty in the FoG effect on cosmological parameters, we introduce a nuisance parameter to model the uncertainty, σ vir,M (r) → c vel σ vir,M (r) (c vel = 1 for the fiducial model). Furthermore we include a possible effect of "off-centered" central galaxies in our modeling. Since dark matter halo is not a well-defined object and experiences mergers of progenitor halos, galaxies selected by specific ways based on a spectroscopic sample (e.g. color and magnitude cuts) might be off-centered (i.e. satellite) galaxies, as indicated in the results of Hikage et al. [53] . Even if a halo contains a single target galaxy in the sample and if the galaxy is off-centered from the true halo center, the galaxy is categorized as a "central" galaxy in a naive HOD picture. We explicitly include effects of these off-centered galaxies on redshift-space galaxy power spectrum. To do this, we follow the methods in Hikage et al. [53] [also see 53, [57] [58] [59] ; we introduce a parameter p off (0 ≤ p off ≤ 1), which represents the probability that each central galaxy is off-centered from the center of its host halo. In addition we assume a Gaussian distribution for the radial distribution of the off-centered galaxy in each host halo:
where r s is the scale radius of each halo with mass M and we include additional dimensionless parameter R off which models a typical off-centering radius in units of the scale radius. Under this formulation, in Eqs. 12, 13 we can replace the central HOD as
Thus the 1-halo term of the redshift-space galaxy power spectrum involves complicated model ingredients; the spatial and velocity distributions of galaxies in their host halos, which are difficult to theoretically predict from the first principles for a given cosmological model. For this reason we will treat the 1-halo term as a nuisance term, and study how cosmological parameter forecasts are degraded when marginalizing over nuisance parameters to model variations in the 1-halo term.
As long as we use adequate N-body simulation outputs, we can accurately model the redshift-space power spectrum of halos that carries the underlying cosmological information over a range of scales covered by the simulations. For given initial conditions of the primordial fluctuations and a given background cosmological model such as the ΛCDM model, the power spectrum of halos of masses M and M can be represented as a function of wavenumber, cosmological parameters, redshift and halo masses:
Here the redshift-space halo power spectrum is a two-dimensional function, given as a function of k = (k , k ⊥ ) due to the RSD effect where halo's positions (their centers) are modulated in the large-scale structure according to the line-of-sight component of their bulk motions. The strength of the halo bulk motions also depend on cosmology. Hence, the spatial clustering and RSD effects of halos carry cosmological information, and we address how these can be extracted even after marginalizing over uncertainties in the halo-galaxy connection parameters.
C. Alcock-Paczynski effect
In an actual galaxy redshift survey, another useful information can be extracted from an apparent geometrical distortion in the observed pattern of galaxy clustering, the so-called Alcock-Paczynski (AP) effect [42] . This effect arises from discrepancy between the underlying true cosmology and the "reference" cosmological model, where the latter needs to be assumed in a clustering analysis when mapping direct observables of galaxy positions, i.e. its spectroscopic redshift and angular positions, to the comoving coordinates. The AP effect can be described by the coordinate transformation, and in Fourier space it is given as
where D A (z) denotes the angular diameter distance to redshift z and H(z) the Hubble expansion rate at z, and quantities with and without subscript "ref" hereafter denote those in the reference (assumed) cosmological model and the true (unknown) cosmology, respectively. For convenience of our discussion, we define two parameters to characterize the AP distortion, following Ref. [60] , as
Hence the observed redshift-space power spectrum can be expressed in terms of the underlying true power spectrum as
where we introduced a constant parameter to model a possible residual shot noise, P sn , in the observed power spectrum following [61] . In the following, we will often omit the subscript "ref" for notational simplicity. The baryon acoustic oscillation (BAO) features in the galaxy power spectrum makes the AP effect very powerful to constrain the angular diameter distance and the Hubble expansion rate at the redshift of the galaxy survey, D A (z) and H(z) [61] [62] [63] (here note that the BAO peak location is hardly affected by the RSD effect).
D. Multipole power spectra
As we described, the observed redshift-space power spectrum of galaxies (Eq. 23) is given as a function of two wavenumbers perpendicular and parallel to the line-of-sight direction (k , k ⊥ ), and contains the full information at two-point statistics level. The multipole expansion of the observed power spectrum is a useful way of data compression as often used in the literature and can characterize anisotropies in the power spectrum, although it is not optimal unless all the multipole spectra up to infinite orders are included (which is infeasible in practice). In addition, the covariance of the multipole power spectrum is easier to estimate, e.g. using a less number of mock catalogs, due to the dimension reduction of the data vector. The multipole power spectrum is defined from the observed spectrum as 3 N-body particles (see text for details). We use 16 realizations for the fiducial Planck cosmology to compute the response functions of redshift-space galaxy power spectrum, ∂P S gg, (k)/∂p α , with respect to each of the halo-galaxy connection parameters (see text) and the cosmological distances at a given redshift, D A (z) and H(z), via a hypothetical clustering analysis taking into account an apparent geometrical distortion due to the Alcock-Paczynski effect. In addition, we use 10 realizations for each of the varied cosmological models where either of Ω m or the parameter of primordial curvature perturbations, ln (10 10 A s ), is shifted by about ±11% or ±5%, respectively, but other cosmological parameters are kept fixed. We use these varied cosmology simulations to compute the response functions with respect to either of Ω m or σ 8 . The element denoted as "-" means the same parameter value as the fiducial Planck cosmology.
where L (x) is the -th order Legendre polynomial and
As we will show below explicitly, the monopole power spectrum is sensitive to the "dilation" parameter, α 2 ⊥ α whose variation causes an isotropic shift of the BAO peak locations and a change in the power spectrum amplitudes. On the other hand, the quadrupole power spectrum is sensitive to the "warping" parameter α ⊥ /α , or F AP in Alam et al. [19] whose variation causes an anisotropic distortion in the redshift-space power spectrum (therefore a change in the quadrupole power spectrum).
III. N-BODY SIMULATIONS, HALO CATALOGS AND MOCKS OF GALAXY POWER SPECTRA
In this paper we compute the Fisher matrix for the model parameters including the halo-galaxy connection parameters as well as the cosmological parameters, based on the derivative factors evaluated from the N-body simulations. In this section we describe details of our procedures: N-body simulations, halo catalogs, the mock catalogs of SDSS-like galaxies, the way to compute the sensitivity of the redshift-space galaxy power spectrum to each model parameter, and the way to compute the covariance matrix.
A. N-Body Simulations and Halo Catalogs
In this subsection we briefly review details of the N-body simulations and the halo catalogs we use in this paper, as summarized in Table I . All the N-body simulations are performed with 2048 3 particles in a comoving cubic box with the side length of 2 h −1 Gpc. These are the LR simulation suite performed as a part of Dark Quest simulation campaign [see 34 , for details]. We simulate the time evolution of particle distribution using the parallel Tree-Particle Mesh code Gadget2 [64] . We employ the second-order Lagrangian perturbation theory [65] [66] [67] [68] [69] [70] to set up the initial displacement vector and the initial velocity of each N-body particle, where we use the publicly-available code CAMB [71] to compute the linear matter power spectrum. As for the fiducial cosmological model, we employ the best-fit flat-geometry ΛCDM model that is supported by the Planck CMB data [72] : (ω b , ω c , Ω Λ , ln(10 10 A s ), n s ) = (0.02225, 0.1198, 0.6844, 3.094, 0.9645). We set ω ν = 0.00064 for the density parameter of massive neutrinos to set up the initial condition, but we use a single N-body particle species to represent the "total matter" distribution and follow the subsequent time evolution of their distribution (i.e. we do not consider the distinct evolution of the massive neutrinos). The Planck model has, as derived parameters, Ω m = 0.3156 (the present-day matter density parameter), σ 8 = 0.831 (the present-day rms linear mass density fluctuations within a top-hat sphere of radius 8 h −1 Mpc) and h = 0.672 for the Hubble parameter. The particle mass is 8.16 × 10 10 h −1 M for the fiducial Planck cosmology. In this paper we use different sets of N-body simulations that are generated using the above simulation specifications. The first set is 16 N-body simulation realizations for the fiducial Planck cosmology that are presented in Nishimichi et al. [34] using different seeds of the initial conditions. These correspond to the total volume of 16×8 = 128 (Gpc/h) 3 which is much larger than the volume of SDSS survey with area 8000 deg 2 and over the redshift range we consider in this paper, V SDSS 6.2 (h −1 Gpc) 3 (see Table III ). Hence the Planck realizations allow for a precision measurement of redshift-space galaxy power spectra due to the large statistics.
For each simulation realization we identify halos in the post-processing computation, using the friends-of-friends halo finder in 6D phase space, Rockstar [73] [also see 34, for details]. Throughout this paper we adopt M ≡ M 200 = (4π/3)(r 200 ) 3 (200ρ m0 ) for the halo mass definition, where r 200 is the spherical halo boundary radius within which the mean mass density is 200 ×ρ m0 . Note that the use of the present-day mean mass densityρ m0 is due to our use of comoving coordinates, and therefore r 200 is in the comoving length unit. We employ the default setting of the Rockstar finder, and define the center of each halo from the centerof-mass location of a subset of member particles in the inner part of halo, which is considered as a proxy of the gravitational potential minimum. Our definition of halo mass includes all the N-body particles within the boundary r 200 around the halo center (i.e. including particles even if those are not gravitationally bound by the halo). After identifying halos, we classify those into central and satellite halos; when the separation of two halos (between their centers) is closer than r 200 of the more massive one, we mark the less massive one as a satellite halo. We keep only central halos with mass above 10 12 h −1 M in the halo catalog we use in this paper. In this paper we use the halo catalogs at output redshifts z = 0.251, 0.484 and 0.617 that represent the redshifts of the LOWZ galaxy sample and low-z and high-z sides of the CMASS galaxies in the SDSS survey, respectively. Table III gives a summary of these survey parameters.
The purpose of this paper is to evaluate cosmological information contents in the galaxy power spectrum after marginalization over various nuisance parameters that model halo-galaxy connection. To do this, we numerically evaluate a response function of the redshift-space galaxy power spectrum to each model parameter, ∂P S gg, (k)/∂p α , which quantifies how a change in the α-th parameter, p α , alters the multipole power spectrum P S gg, (k). More precisely we use the two-sided finite difference to numerically evaluate the partial derivative:
where P S gg, (k; p α,fid ± ∆p α ) is the -th multipole power spectrum of galaxies where the parameter is shifted to p α,fid ± ∆p α by a small amount ∆p α (see below), but other parameters are fixed to their fiducial values. To compute this we use the mock catalog of galaxies to evaluate the power spectrum P S gg, (k) for each of varied models. For the derivatives ∂P S gg, (k)/∂p α , with respect to the halo-galaxy connection parameters, we use the mock catalogs of SDSS galaxies that are constructed from 16 N-body simulation realizations at target redshifts for the fiducial Planck cosmology (see below for details).
To compute the other derivatives with respect to cosmological parameters we run different sets of N-body simulations to estimate the dependence of the galaxy power spectrum. In this paper we focus on Ω m and σ 8 to which the galaxy power spectrum is sensitive within the flat ΛCDM model. Other cosmological parameters are fixed to their values for the fiducial Planck model. To do this we run 10 paired realizations of N-body simulations by varying either of Ω m or A s on either positive or negative side from their fiducial value, with other parameters being kept to the fiducial values (actually we use ln(10 10 A s ) rather than A s itself, as the parameter for which the numerical derivatives are evaluated, but we simply refer to as A s to avoid the complexity of the description). For each paired realizations, we use the same initial seed of initial conditions to run the N-body simulations. Table I summarizes details of the N-body simulations we use in this paper. The reason we use A s instead of σ 8 is that we use A s for the normalization parameter of the initial power spectrum for the fiducial Planck model in Ref. [34] . Using the chain rule we compute the numerical derivative with respect to σ 8 as
We use the mock catalog of galaxies that are constructed from N-body simulations with varying either of Ω m or A s (see Table I ), and then evaluate the numerical derivative, ∂P The fiducial values of model parameters in our Fisher matrix analysis for a hypothetical galaxy survey that resembles the LOWZ galaxy sample and two subsamples of CMASS galaxies at lower and higher redshift sides in the SDSS-BOSS surveys (see Table III ). Here we consider 12 parameters for each galaxy sample: the angular and radial distances, D A (z n ) and H(z n ), 9 parameters to model the halogalaxy connection, and the residual shot noise parameter. In addition we include the cosmological parameters Ω m and σ 8 for the background cosmological model. Using these fiducial values and the slightly-varied value for each parameter (with other parameters being kept fixed), we generate the mock catalogs of these galaxies from the halo catalogs in N-body simulations for the fiducial Planck cosmology, make a hypothetical measurement of the redshift-space power spectrum from each mock and then compute the Fisher matrix elements from the measured power spectra. The column denoted as "σ prior " is the value for a Gaussian prior of each parameter. For a prior of the residual shot noise, we employ 10% of the shot noise for the fiducial mock of each sample. 
2.28
TABLE III: The parameters of galaxy samples that resemble the LOWZ, CMASS1 and CMASS2 galaxies in the BOSS survey. Each sample is defined to be a volume-limited sample which is defined to be luminosity-limited, rather than flux-limited, for a given redshift range (see text for details). The mean number density of galaxies (n g ) is computed from the mock catalogs using the fiducial HOD parameters for the fiducial Planck model (Tables I and II) . The linear bias (b g ) is determined from comparison of the galaxy power spectrum with the matter power spectrum in the same mock realization at low-k bins.
B. Mock catalogs of SDSS LOWZ and CMASS galaxies
We consider models of halo-galaxy connection that mimic spectroscopic galaxies in the SDSS survey [1] . We consider the "LOWZ" galaxies in the redshift range z = [0.15, 0.30] and two subsamples of "CMASS" galaxies that are divided into two redshift bins of z = [0.47, 0.55] and [0.55, 0.70], respectively. Hereafter we call the two CMASS samples in the lower and higher redshift bins, CMASS1 and CMASS2, respectively. We employ the HOD and other parameters that roughly resemble the SDSS galaxies for the Planck cosmology, as given in Table II . To generate mock catalogs of these galaxies we use the halo catalogs produced from N-body simulation outputs at redshifts z = 0.251, 0.484 and 0.617, which are close to the median redshifts of the LOWZ, CMASS1, and CMASS2, respectively (see Table III ). We ignore the redshift evolution of the galaxy clustering within each redshift bin. The following is the details of procedures to populate SDSS-like galaxies into halos identified in each N-body simulation realization: (i) Central galaxies -We employ the central HOD, N c (M), with the form given by Eq. 7. We select halos to populate central galaxies assuming a Bernoulli distribution with mean N c (M). We assume that each central galaxy has the same peculiar velocity as the bulk velocity of its host halo measured as the center-of-mass velocity of particles in the core region.
(ii) "Off-centering" effect of central galaxies -As our default model we include a population of off-centered "central" galaxies that could occur, e.g. as a result of mergers as discussed in Masaki et al. [58] . We select off-centered galaxies from all the central galaxies selected in the procedure (i), following the prescription described in §II B: each central galaxy to be off-centered is selected with a probability p off , and its displacement from its host halo center is drawn from the isotropic 3D Gaussian distribution given by Eq. 18. The scale radius r s of each halo is computed from the fitting formula of halo mass-concentration relation, c(M, z), in Diemer and Kravtsov [56] , where we assume an NFW profile for the host halo mass M and redshift z for the Planck cosmology. Once an off-centered radius r off is given, we assign a "sloshing" velocity of the off-centered galaxy around the halo center, assuming it follows a Gaussian distribution with the typical velocity dispersion given by Eq. 17. The total velocity of each "off-centered" central galaxy is given as the sum of the assigned internal velocity and the bulk velocity of its host halo.
(iii) Satellite galaxies -To populate satellite galaxies into halos we employ the satellite HOD with the form given by Eq. 8. As described in §II B we assume that satellite galaxies reside in halos which already host a "central" galaxy inside, including the off-centered galaxy in the procedure (ii). For each of such host halos with mass M, we determine the number of satellite galaxies, randomly drawn from the Poisson distribution with mean λ s defined in Eq. 8. For each satellite galaxy we determine its position within r 200 of the halo, by randomly drawing from the NFW profile. As we do for the off-centered galaxy in the procedure (ii), we assign an internal velocity to each satellite galaxy using the interior mass M(< r) at the satellite position. Likewise the total velocity is given as a sum of the internal motion and the host halo's bulk velocity.
These are the procedures to populate central and satellite galaxies in the halos found in N-body simulation realizations including the RSD effect. These are an empirical approach, and the properties of true galaxies would be more complicated because of the dependence on complicated physics inherent in galaxy formation/evolution processes as well as on non-trivial selection effects, e.g. color and magnitude cuts. Hence these mock galaxy catalogs should be considered as a working example for the following discussion, and we will discuss the impact of other effects that we ignore on our results, e.g. the assembly bias separately. (Table II) . Here we show the central (blue) and satellite (orange) HODs. Note that we use the halos with mass M 200 ≥ 10 12 h −1 M as host halos of the mock galaxies in the simulation. For comparison the dashed curves show the input mean HODs in Table II . Fig. 1 shows the HODs for the LOWZ, CMASS1, and CMASS2-like galaxies that we employ when building the mock catalogs in this paper. The three dashed curves in each panel show the central and satellite HODs and the total HOD, respectively. The points show the respective HODs that are measured from the mock catalogs for the fiducial Planck cosmology. The SDSS galaxies are passively-evolving early-type galaxies that are selected based on color and magnitude cuts [1, 74] . These galaxies typically reside in halos with masses ∼ 10 13 M , while cluster-scale halos with > ∼ 10 14 M host these galaxies as satellite galaxies. The average number densityn g = 2.173 × 10 −4 , 9.251 × 10 −5 or 5.336 × 10 −5 [hMpc −1 ] 3 for the LOWZ, CMASS1, or CMASS2 for the Planck cosmology (see Table III ). These number densities are smaller than that of the full LOWZ and CMASS galaxies, because we mimic the luminosity-limited subsample, not the flux-limited all galaxies [see 75, for a similar discussion]. The detailed shape of HOD is not essential for our purpose. We employ these HODs as a working example.
C. Measurements of redshift-space power spectra from mock galaxy catalogs
We measure the power spectrum from each realization of the galaxy mocks constructed according to the method in the preceding subsection, using Fast Fourier Transform (FFT)-based method. First we map the real-space positions of mock galaxies
The symbols show the monopole (left panel) and quadrupole (right) power spectra measured from the galaxy mocks that resemble LOWZ, CMASS1 and CMASS2 galaxies, respectively. For illustrative purpose we multiply the power spectrum by k so that the power spectrum shown is in a narrow range of this amplitude (therefore y axis is in a linear, rather than logarithmic, scale). Since the power spectra are estimated from the 16 realizations of 2 h −1 Gpc cubic box corresponding to volume of 128 (h −1 Gpc) 3 in total, the error bar of the mean of band power measurements at each k bin, although shown, is not visible. For comparison, the solid curves show the predictions of Kaiser formula (Eq. 29), where we used the linear matter power spectrum, the linear bias parameter (b g in Table I ), and the redshift-space distortion and their velocities to the redshift-space positions using Eq. 1, under the plane-parallel approximation where the line-of-sight is taken to be along the z-axis direction. The number density field of mock galaxies is defined on 1024 3 3D mesh grids using the Cloud-in-Cell (CIC) [76] interpolation. Since our simulations' box size is 2000 h −1 Mpc, the Nyquist wavenumber is k Ny = 1.608 h Mpc −1 , which is sufficiently smaller than the scales we are interested in. We then implement the FFT method to the number density field of galaxies to obtain the Fourier-transformed field, where we reduce the aliasing contamination arising from the grid interpolation, using the interlacing scheme described in [77] . We split each Fourier mode into linearly-spaced k-bins ranging k = [0, 2] h Mpc −1 , and obtain the power spectrum signals by averaging the modes that enter into each bin of k. We adopt the bin width ∆k = 0.01 h Mpc −1 that is sufficiently narrow compared to the BAO features in the power spectrum. We assume the Poisson shot noise P Poisson = 1/n g and subtract it from the measured power spectrum. Fig. 2 shows the monopole and quadrupole power spectra measured from the 16 realizations of mock catalogs of LOWZ, CMASS1 and CMASS2-like galaxies for the Planck cosmology. The error bar at each k bin denotes an estimate of the error on the mean of power spectrum amplitude, estimated as σ/ √ 16, where σ is the standard deviation of band power at each k bin. Hence the error represents the statistical error when the band power at each k bin is measured from a volume of 128 (h −1 Gpc) 3 . For comparison we also show the linear theory predictions for each galaxy sample, which are computed using the Kaiser formula [7] :
where
ln a is the linear growth rate at the redshift z, b g is the linear galaxy bias and P lin m (k) is the linear matter power spectrum. We determine the linear bias b g from a comparison of the real-space power spectra of galaxies and matter measured from the galaxy mocks and N-body simulations, respectively, at the lowest 5 k-bins (corresponding to k 0.05 h Mpc −1 ) that are considered to be well in the linear regime. The linear bias value estimated based on this method is given in Table III . The Kaiser formula predicts that the ratio of the quadrupole power spectrum to the monopole spectrum is given as P Table III give about 0.43-0.45 for the ratio for the LOWZ, CMASS1 and CMASS2 samples. 
The impact of satellite galaxies on the real-space (left panel) and redshift-space (right) power spectra. To study this, the triangle symbols with error bars show the power spectra when using central galaxies alone in each galaxy mock (i.e. removing satellite galaxies from the mock), while the circle symbols are the same as in Fig. 2 . The lower panels show the ratio. Fig. 2 shows that the linear-theory prediction moderately matches the simulation result for the monopole power spectrum up to k 0.1 h Mpc −1 . However, the Kaiser formula ceases to be accurate very quickly at k 0.05 h Mpc −1 for the quadrupole power spectrum, indicating that nonlinearities in the RSD effect become significant from the relatively small k compared to the nonlinear effect on the real-space or monopole power spectrum. In particular the nonlinear quadrupole power spectra have smaller amplitudes than the linear theory predicts at k 0.05 h Mpc −1 because of the smearing effect due to streaming motions of halos or virial motions of galaxies [20, 22, 78] . Hence it is of critical importance to properly take into account the nonlinear effects in the galaxy power spectra in order to accurately estimate the power of redshift-space galaxy power spectra for constraining cosmological parameters.
In the halo model picture, the underlying halo power spectrum contains the cosmological information, while the effects arising from the halo-galaxy connection are considered as a source of systematic effects. To study this, in Fig. 3 we plot the power spectra of the central galaxies alone; i.e., we repeat the measurement after we remove the satellite galaxies from each mock realization.The galaxy power spectrum including the satellite galaxies is quite different from the power spectrum of central galaxies. The satellite galaxies alter the galaxy clustering in several ways [also see 79, for a similar discussion]. First, the inclusion of the satellite galaxies leads to a boost in the large-scale (small-k) amplitude of galaxy power spectrum, because the satellite galaxies tend to reside in massive halos, which have a greater linear bias, and including the satellite galaxies upweights the contribution of massive halos leading to the greater band power at small k bins in the 2-halo term regime. Secondly, as is clear from the real-space power spectrum, the satellite galaxies boost the power spectrum amplitude at small scales due to the 1-halo term contribution, which arises from clustering of (central-satellite or satellite-satellite) galaxies in the same host halo. Thirdly, the satellite galaxies cause a suppression in the power spectrum amplitude at small scales due to the FoG effect, as can be found from the redshift-space power spectra in the right panel. Hence the 1-halo term contribution and the FoG effect are somewhat compensated. Thus, the satellite galaxies, more generally the halo-galaxy connection parameters, cause complex, scale-dependent changes in the galaxy power spectrum at small scales compared to the power spectrum of the host halos or the central galaxies.
D. Covariance matrix of redshift-space power spectra
To compute the Fisher matrix, we need to estimate the covariance matrix for the multipole power spectra of galaxies, which is defined as In this paper we employ the Gaussian covariance matrix as given in Appendix A in Ref. [80] [also see 61, 81] , which is given by
where δ K i j is the Kronecker delta function, defined so as to satisfy δ
is the number of independent Fourier modes, determined by the fundamental Fourier mode for a given survey, in the spherical shell of radius k i with width ∆k; N mode (k i ) 4πk
, and V S is the survey volume; [P S gg (k i , µ) + 1/n g ] is the "observed" redshift-space power spectrum given as a function of (k i , µ), including the shot noise contamination. For the survey volume, we adopt V S = 1.98, 2.26 or 3.80 [h −1 Gpc] 3 for the redshift slice of LOWZ, CMASS1 or CMASS2-like galaxies, respectively (see Table III ). For the redshift-space power spectrum P S (k, µ) (including the shot noise term) in the above equation, we use the power spectrum directly measured from the 16 realizations of mock catalogs for the fiducial Planck cosmology. Note that, for the real-space power spectrum P gg (k) (i.e. no µ-dependence), the above formula reproduces the standard covariance formula, Cov[P gg (k 
In Fig. 4 we show the Gaussian covariance matrices for the monopole and quadrupole power spectra for the CMASS1-like galaxies. For illustrative purpose, we plot P
, which roughly gives a signal-to-noise ratio for the band power measurement at each k i bin, (S /N) 2 | k i . The figure clearly shows that the signal-to-noise ratio for the quadrupole spectrum is much smaller than that of the monopole spectrum, by up to a factor of 100. This large-factor reduction is due to the two facts. First, the quadrupole power spectrum has a smaller band power than the monopole spectrum by a factor of 4 (see Fig. 2 ), which explains a factor of 16 in (S /N) 2 | k i that scales as the square of band power. Second, the covariance of the quadrupole power spectrum also arises from the monopole. This explains the remaining factor in the factor of 100. Nevertheless, as we will show below, the quadrupole spectrum is quite powerful to constrain cosmological parameters, as it purely arises from the RSD effect and cosmological AP distortion both of which are cosmological effects. The figure also shows a significant cross-covariance between the monopole and quadrupole spectra.
IV. RESULTS
In this section we show the main results of this paper; we show parameter forecasts that are obtained from measurements of the redshift-space power spectra of SDSS-like galaxies.
A. Fisher information matrix
To perform the parameter forecast, we employ the Fisher information formalism [82, 83] . We include, as observables, the monopole and quadrupole power spectra of LOWZ, CMASS1 and CMASS2-like galaxies. The Fisher matrix for the -and -th multipole power spectra is defined as
where the Cov −1 P S gg, (k i ; z n ),P S gg, (k j ; z n ) is the inverse of the covariance matrix (Eq. 31), and p α is the α-th parameter. Here we use the Gaussian covariance assumption, and hence the covariance matrix is diagonal in wavenumber bins; the summation over k i and k j reduces to a single summation k i . To combine the Fisher information for different samples of the LOWZ, CMASS1 and CMASS2-like galaxies, we simply sum the Fisher matrices for the three galaxy samples. In other words, we ignore a possible cross-covariance between the different galaxy samples at different redshift slices. When computing the Fisher information for a combined measurement of the monopole and quadrupole power spectra, we properly take into account the cross-covariance.
where quantities including z n in the argument indicate that they can take different values for the three galaxy samples at different redshifts (either of LOWZ, CMASS1 or CMASS2). When we include the information from the galaxy samples of three redshift bins, we consider 38 model parameters in total. Among those, 8 cosmological parameters; (Ω m , σ 8 ) and {D A (z n ), H(z n )} for each of the three redshifts, where D A (z i ) are H(z i ) are the parameters to model the AP effect (see Section II C). On the other hand, we include 10 nuisance parameters that model the halo-galaxy connection and the residual shot noise for each of the three redshifts. Table II gives the fiducial values as well as the prior for the nuisance parameters. Note that the prior we employ is a very weak one, and we use it only to have a stable calculation of the Fisher matrix (e.g. its inversion). The most important model ingredient for the Fisher calculation is the response function ∂P S gg, (k)/∂p α , which quantifies how a change in the α-th model parameter alters the -th multipole moment of the power spectrum, or equivalently a sensitivity of the -th multipole moment to the α-th parameter. Fig. 5 shows the response functions for the monopole and quadrupole spectra. As described we use the realizations of galaxy mock catalogs to numerically evaluate the response function for each parameter up to the nonlinear scales (high k) (see Table I and Section III). We also discuss a validation of the measured responses using the linear theory prediction in Appendix A. As shown in the appendix, the k-dependence of the response function at relatively small k bins is fairly well captured by variations in the underlying linear matter power spectrum, the linear galaxy bias (via the small-k behavior of 2-halo term) and the linear RSD effect. These are all useful cosmological information, while the 1-halo term causes a complex k-dependent effect on the response functions.
We first focus on the results for cosmological parameters Ω m and σ 8 to which large-scale structure probes are most sensitive within the flat ΛCDM model. As expected, the cosmological parameter, Ω m or σ 8 , causes characteristic changes in the amplitude and shape of the redshift-space power spectra over all the scales we consider. Note that when we change Ω m the baryon and CDM density parameters, Ω b h 2 and Ω c h 2 , are kept unchanged, since these parameters are well constrained from the CMB experiments. Also note all the responses are measured at every k bin in units of h Mpc −1 , although a change of Ω m leads to a change of h. The responses to Ω m display oscillatory behaviors of the BAO, which however is not due to the shift of BAO peak itself (in physical unit) but the change in the Hubble constant h, since once again, Ω b h 2 and Ω c h 2 are kept unchanged. For fixed σ 8 and HOD parameters, increasing Ω m leads to a decrease in the power spectrum amplitude at the redshifts of the galaxy samples. The change in Ω m also alters the RSD strength. Such a kind of behavior is also seen on the linear matter power spectrum, and is further confirmed by the linear theory prediction using the halo bias model in Appendix A.
Next let us consider the responses to σ 8 . First, increasing σ 8 , for a fixed Ω m , leads to a greater normalization of the linear matter power spectrum by definition. In addition, increasing σ 8 leads to an increase in the abundance of massive halos, which boosts a clustering contribution from satellite galaxies in massive halos that have greater linear bias. This yields the greater amplitude of galaxy power spectrum, even at small k bins in the linear regime [also see discussion around 
FIG. 5:
The partial derivative of the monopole (left panels) or quadrupole (right) power spectrum with respect to each model parameter (p α ), which we refer to as the "response" function, for the CMASS1 sample. To compute the response function, we first generate the mock catalogs where we slightly varied a parameter but fixed other parameters to their fiducial values, and then numerically compute the partial derivative. Note that we compute the response functions for D A and H from the AP distortion effect in a hypothetical clustering analysis; we assume a slightly shifted value in D A or H from the fiducial value when mapping the real-space positions of galaxies to the comoving coordinates in each mock for the fiducial Planck model, and then measure the monopole and quadrupole spectra from the mock. For illustrative purpose, we show the fractional response function relative to the real-space power spectrum for the fiducial mocks, [1/P R gg (k)]∂P S gg, (k)/∂ ln p α . Note that we employ the parameters log M min , log M 1 and log M sat rather than the physical quantities M min , M 1 and M sat in units of h −1 M for numerical convenience. We multiply the response functions for these parameters by 1/20 so that the functions are in the similar range of y-axis. changes in Ω m and σ 8 alter the power spectra of central galaxies, i.e. removing satellite galaxies, which helps to gain a clearer understanding of these behaviors.
In the same panels we also show the responses to the AP parameters, i.e. D A (z) and H(z). Note that we fix the background cosmological model to the Planck model; the real-space power spectra are the same, and the response functions are purely from a mapping of the real-space distribution of galaxies to the comoving coordinates in a hypothetical clustering analysis where the assumed cosmological model can be different from the ground truth. The AP effect distorts the BAO peak locations, and consequently the response functions display oscillatory behaviors. As described in §II D and later in this text, since the redshiftspace power spectrum includes two different combinations of the AP distortion, the effects of D A and H are distinguishable. Note that the responses of the monopole power spectrum to D A and H have behaviors quite similar to that to Ω m , which is not true of the quadrupole power spectrum. This indicates that the effects of Ω m and distance parameters on the monopole spectrum are highly degenerated, and hence combining the monopole and quadrupole spectra is of critical importance to break Fig. 5 , but the results for the power spectra of central galaxies that are computed from the mocks including only the central galaxies as in Fig. 3 .
the degeneracies. The middle-row panels of Fig. 5 show the responses to the five HOD parameters. As can be found from Eq. (7), the parameters log M min and σ log M determine the cutoff and shape of the mean central HOD at the low-mass end. When log M min is decreased or when σ log M is increased, less massive halos, which are below the cutoff mass scale in the fiducial HOD model, become to be included in the sample. Such halos have smaller bias, leading to the smaller amplitudes of the power spectra. Hence the response functions of the monopole power spectrum with respect to log M min or σ log M are positive or negative, respectively. On the other hand, such less massive halos have smaller random motions, and therefore cause a less suppression at small scales. For this reason, the response of the quadrupole power spectrum changes its sign at k 0.1 h Mpc −1 . The HOD of satellite galaxies is characterized by the parameters, log M 1 , log M sat and α sat . Here log M 1 determines the normalization of the mean satellite HOD; e.g., decreasing the mass scale M 1 leads to a higher normalization, thereby yielding more satellites to be in the sample. Increasing M 1 leads to a smaller clustering amplitude at small k bins due to a less contribution from massive halos, while it leads to a smaller FoG effect. For this reason, the monopole response to M 1 is negative, while the quadrupole response is negative at very small k bins and then becomes positive at larger k. The parameter M sat determines a cut-off mass scale; N s → 0 at M → M sat . The increase of M sat confines the mass scale of the host halos to higher mass, which results in the decrease of the large-scale galaxy bias. The parameter α sat determines the slope of halo mass dependence of the mean satellite HOD. Its increase leads to two different effects on the power spectrum amplitude at large scales: one is the enhancement of the number of satellite galaxies hosted by high-mass halos, and another is the suppression of the number of those living in low-mass halos. The typical mass at this enhancement/suppression transition is M − M sat ∼ M 1 . In addition, at small scales, an increase of the satellite population causes an enhancement of the FoG smearing, so the behavior of the response to α sat would be subtle.
Other nuisance parameters, c conc , c vel , p off and R off , model distributions of galaxies inside their host halos, and therefore affect the redshift-space power spectrum at k bins of our interest due to the FoG effect (because the real-space changes due to variations of galaxy distribution in the same halo are all at scales below a few h −1 Mpc, which are outside the k-range we consider). The bottom-row panels of Fig. 5 display similar shapes for the responses to these parameters due to the changes in the amount of FoG effect. These responses would be approximately described by a k 2 dependence at small k bins [52, 53] . Hence, as long as a FoG function, which has a k 2 -dependent term with free amplitude parameter, is introduced, one might be able to take into account variations in the FoG contamination.
For completeness, in Fig. 6 we study the responses of the power spectra of the central galaxies to the model parameters. We numerically evaluate the response functions from the power spectra of the central galaxies. These power spectra are measured from the central galaxies in the same mock catalogs as used in the mocks in Fig. 5 . Comparison of Figs. 5 and 6 manifests the role of satellite galaxies in these response functions. For example, the σ 8 response for the monopole power spectrum of the central galaxies changes its sign at small k bins, compared to Fig. 5 , and is negative over all the k-scales. Since the multipole power spectra are expressed as
2 (see Eq. 29), the sign change at small k is due to the fact that a decrease in the linear bias overcomes an increase in σ 8 in the monopole response; the leading term b 2 (σ 8 ) 2 has a negative response to an increase in σ 8 . On the other hand, the σ 8 -response of the quadrupole power spectrum is still positive at small k bins, because of the weaker dependence on b as the leading term has a dependence of b(σ 8 ) 2 . All these complicated dependences of the power spectra on cosmological parameters are contained in the halo power spectrum. The cumulative signal-to-noise ratio, S /N (defined by Eq. 34) for a hypothetical measurement of the monopole and quadrupole power spectra for each of the LOWZ, CMASS1 and CMASS2 samples, respectively. The cumulative S /N is the information content of the power spectrum amplitude, obtained by integrating the signal-to-noise at each k bin from the minimum wavenumber, set to k min = 0.02 h Mpc −1 here, up to a given maximum wavenumber k max shown in the x-axis.
Before showing cosmological parameter forecasts, we first study, in Fig. 7 , the cumulative signal-to-noise ratio (S /N) 2 expected for a measurement of the monopole and quadrupole power spectrum for the SDSS-like survey (Table III) , which is defined as
The inverse of (S /N) 2 gives a precision in estimating the amplitude parameter of power spectrum, if the power spectrum up to a given maximum wavenumber, k max , is measured from an assumed galaxy survey (here the SDSS-like survey), assuming that the power spectrum shape is perfectly known. Fig. 7 shows the results of S /N for the monopole and quadrupole power spectra as a function of k max . Here we consider the LOWZ, CMASS1, and CMASS2-like samples. If the power spectrum measurement is in the sample-variance-limited regime and the Gaussian covariance is valid, S /N ∝ k 3/2 max . The figure shows that (S /N) keep increasing with increasing k max up to k max ∼ 0.2 h Mpc −1 . However, at the larger k max the covariance is dominated by the shot noise for the SDSS-like galaxies which have the number density of about 10 −4 (hMpc −1 ) 3 (see Table III ), and the S /N is saturated in the shot noise regime. The figure also shows that S /N for the quadrupole has a smaller amplitude than the monopole by a factor of 10. Nevertheless the quadrupole spectrum carries a significant information on cosmological parameters thanks to its sensitivity to the RSD effect and the AP effect, and therefore helps break the parameter degeneracies when combined with the monopole spectrum, as we will show below.
Geometrical constraints and cosmological parameter forecasts
We now show the forecasts for cosmological constraints, which are the main results of this paper. A notable advantage of the redshift-space galaxy clustering method, compared to other large-scale structure probes, is that it enables us to simultaneously constrain the growth of matter clustering (usually f σ 8 ) as well as the cosmological distances via the AP effect. As we have described above, in this study we treat these parameters independently, Ω m , σ 8 , D A (z n ), and H(z n ) in our parameter forecasts, even though the cosmological distances can be specified for a given Ω m at a given redshift for a flat ΛCDM model. Thus the redshift-space galaxy clustering method enables a stringent geometrical test of the cosmological distances free of uncertainties in the large-scale structure growth or galaxy bias [13] [also see 84, for a similar discussion]. We keep this advantage for our parameter forecasts, and then will discuss how the Ω m constraint is improved if we use the Ω m -dependence of distances for a flat ΛCDM model.
The BAO peak position and shape in the galaxy power spectrum is measured anisotropically if a reference cosmological model, which needs to be assumed in converting the observed angular scales and redshifts to the comoving coordinates in the analysis, differs from the underlying true cosmology. Fig. 8 shows the 68% CL error ellipses in determination of D A (z n ) and H(z n ), including marginalization over other 32 parameters including nuisance parameters to model the halo-galaxy connection. The left, middle and right panels in each row show the results when using either of the monopole or quadrupole power spectrum alone or when combining the two spectra, respectively. The top-, middle-and bottom-row panels are the results for the LOWZ, CMASS1 and CMASS2-like galaxy samples, respectively. First of all, each panel shows that the geometrical constraints are improved as the information up to the higher k max is included. The monopole power spectrum gives a tighter constraint on the combination of "D A (z) 2 /H(z)(∝ α A change in H(z) and D A (z) while keeping α /α ⊥ fixed, causes an "isotropic" distortion in the monopole spectrum, or causes an isotropic shift in the BAO peak locations and the broad-band k-dependent shape as a function of k. It means that the distance constraints in the monopole power spectrum are from the isotropic distortion (sometimes called the "dilation" effect). On the other hand, the quadrupole spectrum gives a tighter constraint on the combination of α ⊥ /α . Again the direction of varying the value of α ⊥ /α is close to the direction of α 2 ⊥ α ⊥ = constant. While the monopole power spectrum amplitude is kept fixed along this direction of α 2 ⊥ α ⊥ = const., it causes an anisotropic distortion in the redshift-space power spectrum and therefore alters the quadrupole power spectrum. Fig. 9 explicitly shows how a change in either of α /α ⊥ or α 2 ⊥ α , keeping the other fixed, alters either of the monopole or quadrupole power spectra, while the other is almost unchanged. Interestingly, even though the signal-to-noise (S /N) in the quadrupole power spectrum is smaller than that of the monopole spectrum by a factor of 10 (see Fig. 7 ), the quadrupole carries a better precision of the distance measurements than that of the monopole. This would be explained by the fact that a change of Ω m has a strong degeneracy with that of D A (z) and H(z) in the monopole power spectrum (see Fig. 5 ). On the contrary, the quadrupole has distinct behaviors in the responses to Ω m and AP parameters, as well as to another cosmological parameters σ 8 . Fig. 10 shows the 68% CL error ellipses in the (Ω m , σ 8 )-subspace, including marginalization over other 36 parameters (the cosmological distances and the halo-galaxy connection parameters). Here we include the information for the three redshift slices of the LOWZ-, CMASS1-and CMASS2-like surveys (Table III) . For comparison, we here show the results when using 
The Fisher-forecasted 68% CL error ellipse in the sub-space of angular diameter distance D A (z n ) and the Hubble expansion rate H(z n ) at each redshift of the LOWZ (top-row panels), CMASS1 (middle-row) and CMASS2 (bottom-row) samples, respectively, including marginalization over other parameters. The left, middle or right panel in each row shows the result when using either of the monopole or quadrupole power spectrum alone or using the joint measurement of monopole and quadrupole spectra, respectively. The three contours in thick lines in each panel show the results when using the power spectrum information up to k max = 0.1, 0.2 or 0.3 h Mpc −1 , respectively. These constraints are from measurements of the geometrical AP distortion of the BAO peak locations and broad-band shape in the redshift-space power spectra. For comparison, the magenta or cyan dashed curve shows the direction where the isotropic "dilation" parameter, α 2 ⊥ α or the anisotropic "warping" parameter α ⊥ /α in the geometrical AP distortion is kept constant; α 2 ⊥ α = const. or α ⊥ /α = const, respectively. Here α ⊥ and α are the ratio of the assumed cosmological distances (i.e. the assumed values) to the true values (i.e. the values for the Planck model as given in Table II) : α ⊥ ≡ D A,fid /D A and α = H/H fid that are shown in the x-and y-axes, respectively. We also put the thin solid-line contours, which denote the error ellipses in the case where the halo-galaxy connection parameters are fixed to their fiducial values.
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The geometrical AP effect on the monopole and quadrupole power spectra for the fiducial CMASS1 mocks. To study this, we focus on the two components of AP effect: the isotropic dilation effect "α 2 ⊥ α " and the anisotropic warping effect "α ⊥ /α " (see the caption in the previous figure) . The left panel shows the spectra when the warping parameter α ⊥ /α is varied by α ⊥ = 1/0.95 or 1/1.05, while the dilation parameter α 2 ⊥ α is kept fixed. While the monopole power spectrum amplitude and the BAO peak locations are almost unchanged, this variation alters the relative amplitude of the quadrupole power spectrum. The right panel shows the spectra when the dilation parameter α 2 ⊥ α is varied by the same amount of α ⊥ as in the left panel, while the warping parameter α ⊥ /α is kept fixed. In this case, while the monopole power spectrum is largely changed, the change of the quadrupole is relatively moderate.
either of the monopole or quadrupole power spectrum alone, or combining the monopole and quadrupole signals up to a given maximum wavenumber, k max = 0.1, 0.2 or 0.3 h Mpc −1 , respectively. As we have shown in Fig. 8 , variations in the BAO peak locations and anisotropic features in the power spectrum are captured by the cosmological distance parameters, D A (z) and H(z). The constraints on Ω m and σ 8 shown here are from the RSD effect and the amplitude information in the power spectrum. Similarly to the previous figure, this figure shows that the quadrupole power spectrum carries a similar-level information on these cosmological parameters to that of the monopole power spectrum. Thus the RSD effect to which the quadrupole power spectrum is sensitive carries useful cosmological information. Hence, combining the monopole and quadrupole power spectra improves the cosmological constraints compared to the constraints from either of the two power spectra alone. The figure also shows that including the power spectrum information up to the higher k max , from 0.1 to 0.3 h Mpc −1 , continues to improve the cosmological constraints, even after marginalization over other nuisance parameters. This implies that changes in Ω m and σ 8 cause quite different scale-dependent changes in the redshift-space power spectra from the dependences of other parameters, as quantified by the response functions in Fig. 5 . Therefore the cosmological parameters are distinguishable from other parameters such as the halo-galaxy connection parameters in the measured redshift-space power spectrum. Table IV summarizes in a case that all the parameters are totally independent and the information is in the sample-variance-limited regime. The results in Fig. 10 and Table IV are quite encouraging. An alternative approach one might want to employ is to use the measured redshift-space galaxy power spectrum to make a most stringent test or even falsify the flat ΛCDM paradigm. Within the flat ΛCDM model, the cosmological distances, D A (z) and H(z), are specified by a given Ω m , and hence one could obtain an even tighter constraint on Ω m than the case where D A (z) and H(z) are treated as free parameters. Fig. 11 shows the marginalized errors of Ω m and σ 8 based on this approach, where we used 32 parameters in the Fisher analysis; 38 minus 6 parameters (D A (z) and H(z) for each of the three redshift slices). The figure clearly shows that including the geometrical information significantly improves the constraint on Ω m , while the constraint on σ 8 is almost unchanged. This implies that most of the information in Ω m is from the geometrical constraints, the BAO peak locations and the AP effect, if assuming the flat ΛCDM model, while the constraint on σ 8 is mainly from the RSD and amplitude information. Table IV gives a summary of the marginalized 1D error in Ω m and σ 8 , and shows that we could achieve about 2% or 3% accuracy in Ω m or σ 8 , respectively, if we can use the information up to k max = 0.3 h Mpc −1 , even after including Fig. 12 . To derive this, we used the Fisher matrix jointly combining the power spectrum information for the LOWZ, CMASS1, and CMASS2 samples. Since we treated the geometrical information in the galaxy power spectrum by D A (z n ) and H(z n ) at each redshift, the constraints on Ω m and σ 8 are mainly from the RSD effect and the amplitude information in the redshift-space galaxy power spectrum. The dashed-line contours represent the constraints from the power spectra that are measured from the mocks including central galaxies alone (i.e. removing satellite galaxies from each mock). Comparison of the solid and dashed contours shows that the constraining power of Ω m and σ 8 is mainly from the redshift-space power spectra of central galaxies. marginalization over the halo-galaxy connection parameters. What is the impact of nuisance parameters such as the halo-galaxy connection parameters on the cosmological parameter inference? To address this question, in Fig. 12 , we show the results if we fix the halo-galaxy connection parameters to their fiducial values by the thin lines on top of the results after marginalization (thick), which were already shown in Fig. 10 . Here we used only 8 parameters in the Fisher analysis; Ω m , σ 8 and 6 distance parameters (3 D A 's and H's parameters). First of all, if we use the information up to k max = 0.1 h Mpc −1 , we cannot obtain any meaningful constraint on either of Ω m or σ 8 due to strong degeneracies between the power spectrum amplitudes and the halo-galaxy connection parameters, where the latter controls the overall galaxy bias at small k limit. If we use either of the monopole or quadrupole information up to k max = 0.2 or 0.3 h Mpc −1 , the halo-galaxy connection parameters degrade the accuracy of Ω m or σ 8 by a similar amount. In the case of the joint constraints using both of the monopole and quadrupole, the error of Ω m is not largely changed when k max ≥ 0.2 h Mpc −1 , because Ω m is mainly determined by the AP effect as we discussed. On the other hand, the σ 8 constraint is largely degraded by the halo-galaxy connection parameters. Hence, an accuracy of σ 8 estimation from the redshift-space galaxy power spectrum largely depends on a level of our understanding of the halo-galaxy connection in the nonlinear regime.
To quantify the constraining power of the BOSS-like galaxy survey on the cosmological parameters, we compute the following 
where F −1 is the inverse of Fisher matrix, "sub" in (F −1 ) sub means (8 × 8) sub-matrix elements containing only Ω m , σ 8 and 6 distance parameters, and "det" denotes the determinant of the sub-matrix. The FoM quantifies a volume of the marginalized ellipsoid in the 8-dimensional space of cosmological parameters. Fig. 13 shows that the FoM of the quadrupole power spectrum is comparable to that of the monopole power spectrum. What is remarkable is that the quadrupole gets a larger FoM than the monopole when the HOD and other halo-galaxy connection parameters are marginalized. This is ascribed to huge degeneracies between the cosmological parameters and the HOD parameters in the monopole power spectrum (see Fig. 5 ). By combining the two information, the impact of halo-galaxy connection parameters, i.e. uncertainties in galaxy physics or small-scale structures, is mitigated, which boosts the FoM by a factor of over 1000 compared to either of the two alone. In addition, the power spectrum information in the quasi nonlinear regime is useful; including the information up to k max = 0.3 h Mpc −1 leads to about factor of 6 gain in the information content compared to k max = 0.2 h Mpc −1 . This gain is larger than a naive expectation, (0.3/0.2) 3/2 1.8, and is ascribed to the fact that the nonlinear information helps efficiently break the parameter degeneracies. This result clearly demonstrates that the redshift-space power spectrum in mildly nonlinear regime is quite powerful to constrain the cosmological parameters. field in large-scale structure, it can be used to test gravity theory on cosmological scales. Here we more explicitly address the power of the redshift-space galaxy power spectrum for making a "model-independent" test of the RSD effect [also see 85, 86 , for similiar discussion]. To do this, when generating a mock catalog of galaxies in redshift space, we modify the radial displacement of each halo by an amount of model parameter f RSD , from Eq. (1), as
where v LoS /aH(z) is from the simulation for each halo, and f RSD is a model parameter; if f RSD = 1, the RSD displacement is the same as that for the fiducial Planck cosmology. If we assume f RSD 1, the amount of RSD effect is artificially modified. When we consider LOWZ, CMASS1, and CMASS2, we employ the same constant factor f RSD in generating the mock catalogs of the galaxies. Note that the RSD effect in the linear regime is proportional to f σ 8 . The standard RSD analyses to constrain the parameter combination f σ 8 to test gravity theories are usually based on the nonlinear templates of the spectra constructed for ΛCDM cosmology within the GR framework but float f σ 8 as a independent parameter. Our test here is exactly along this line as this practice. Assuming a constant f RSD across the three redshifts of galaxies, it gives a simplest model of the RSD modification. However, due to large uncertainties in internal random motions of galaxies inside the host halo, we do not modify the RSD displacement due to the relative motion of galaxies to the halo bulk velocity, i.e., the FoG effect. Thus the following forecast on an estimation of f RSD is purely from the effect on the halo power spectrum. Fig. 14 shows how a change in f RSD alters the monopole and quadrupole power spectra as a function of k. Note that the real-space power spectra are independent of f RSD and the same for all these cases. As expected, the parameter f RSD alters the monopole and quadrupole spectra, and is different from the AP distortion (Fig. 9) . The effect at small k is as expected by the Kaiser formula, but the effect at large k changes its sign. This is because the RSD effect at large k is dominated by the smearing effect due to streaming motions of different halos. This effect is enhanced or reduced respectively by changing f RSD > 1 or < 1 from the fiducial value of f RSD = 1, which explains the sign change at large k in Fig. 14 .
In Fig. 15 , we show the marginalized error ellipses in the two-dimensional sub-space of D A , H or f RSD . To do this, we fix The effect of RSD control parameter, f RSD , on the monopole and quadrupole power spectra; when generating the mocks of of CMASS1 galaxies in redshift space, we modified the RSD displacement of host halos by the amount of f RSD , and then computed these multipole power spectra from the mocks (we did not change the RSD effects due to internal motions of galaxies inside the host halo). Note that f RSD = 1 corresponds to the ΛCDM model, and all the models shown here have the same real-space power spectrum. A change in the RSD parameter f RSD alters these power spectra depending on k. The lower panel shows the fractional ratio relative to the fiducial model. The dashed curve shows the Kaiser formula prediction (Eq. 29) that is computed by replacing β ΛCDM in the formula with f RSD β ΛCDM , and fairly well reproduce the mock results at small k limit.
the halo-galaxy connection. Because we fix Ω m and σ 8 to their fiducial values, all the real-space power spectra are the same for models varying either of f RSD , D A or H, and the changes in the redshift-space power spectrum are due to variations in the RSD effect (via f RSD ) or the AP distortion. Therefore this forecast for f RSD assesses the power of the redshift-space power spectrum for constraining the RSD effect strength, or more generally a deviation of the RSD effect from the ΛCDM prediction. If we can find f RSD 1 from this kinds of analysis, that would be a smoking gun evidence of non-GR gravity. The figure shows that the SDSS-like galaxy survey would allow for a 10% accuracy of f RSD determination, even after marginalization over the AP effects and other parameters.
B. Galaxy assembly bias
We have so far employed the HOD method to model the biased relation between distributions of galaxies and matter, i.e. galaxy bias, in an N-body simulation realization. One critical assumption employed in the HOD method is it assumes that a probability of populating galaxies in halos is solely described by halo masses, N (M). Even if halos have the same mass, the halos have various assembly histories due to the nature of hierarchical structure formation in a CDM scenario. For this reason halos, even with the same mass, could have a different large-scale bias. That is, the large-scale bias of halos could depend on another parameter besides the halo mass -this effect is usually referred to as an assembly bias [87] [88] [89] [90] [91] .
Therefore we here study a possible impact of assembly bias on the cosmological parameter forecast. To include the assembly bias effect in the mock galaxy catalog, we used the following method. First, using the member N-body particles of each halo in a given N-body simulation realization, we compute the mass enclosed within the sphere of radius of 0.5r 200 and use the mass fraction to the whole halo mass M 200 as a proxy of the mass concentration. We then make a ranked list of all the halos in the ascending order of the inner-mass fraction at each halo mass bin ranging M = [10 12 , 10 The marginalized error ellipse in each of the two-dimensional subspaces of D A , H or f RSD , where we consider the distance constraints for the CMASS1 sample and the constraint on f RSD is from the information of all the three redshift slices (i.e. we use the same parameter for the RSD modification of all the three slices by the same amount f RSD ). To obtain these forecasts, we use f RSD , and 3 D A and H parameters for the three redshift slices, instead of Ω m and σ 8 , and include other 30 nuisance parameters of the halo-galaxy connection. These constraints are purely from the RSD, the BAO peak locations and the AP effects. The constraint f RSD (its fiducial value f RSD = 1) corresponds to a fractional error of f σ 8 in the linear regime.
and populate central galaxies into halos from the top of the list (from the lowest-concentration halo), according to the number fraction specified by the central HOD N c (M) (Eq. 7). Finally we populate satellite galaxies into the halos which already host a central galaxy using the fiducial satellite HOD. Thus this method does not change the mean HOD as a function of mass, but would change clustering properties of galaxies by preferentially selecting host halos with low concentration. We then measure the redshift-space power spectrum from these modified mocks, in the same way as we do for the fiducial mocks. Fig. 16 shows the power spectra measured from the mocks including the assembly bias effect. The real-space power spectrum, measured from the mocks with assembly bias, displays greater amplitudes than that in the fiducial mocks by 20%, over all the scales we consider. Thus, halos with low mass concentrations have greater clustering amplitudes than the average, displaying a physical connection between inner-structure of halos and the large-scale environments. This is consistent with the claims in the previous work [88] , for relatively massive halos with M M * , where M * is a typical nonlinear halo mass satisfying δ collap /σ(M * ) 1 (δ collap = 1.67), because BOSS galaxies reside in such massive halos. This result should be considered as an extreme case, because we completely followed the ranked list of the halo mass concentration when populating central galaxies in a fully deterministic manner, and did not include any scatter in the galaxy-halo connection. Hence a more realistic case would be in between the the fiducial model and the assembly bias result even if the assembly bias exists in the real galaxy catalog. The right panel shows the effect of assembly bias on the monopole and quadrupole power spectra. The assembly bias amplifies the monopole spectrum by a similar amount to that of the real-space power spectrum. The effect on the quadrupole power spectrum is less significant. The lower panel shows the comparison with the predictions of Kaiser formula, if we change the linear bias by an amount of the assembly bias effect (about factor of 1.1), but do not change f σ 8 . The figure shows that the modified Kaiser prediction fairly well reproduces the simulation results, although the quadrupole power spectrum has a zero-crossing at k 0.2 h Mpc −1 , so the results look noisy around the scale. This means that the assembly bias mainly affects the halo bias, and 1.0
Comparison of the fiducial signals with those that included the effect of halo assembly bias (see text for details). The result for CMASS1-like galaxies is shown. Here we implemented the assembly bias effect by populating galaxies into halos according to the ranked list of mass concentration at each halo mass bin (from the lowest mass concentration). The left panel shows that the real-space power spectrum is amplified by almost constant factor, 1.2, over all the scales we consider. The right panel shows the redshift-space power spectrum, while the lower panel shows the comparison with the Kaiser formula, where the linear bias is modified by the factor that matches the real-space power spectrum amplitude. The modified Kaiser formula fairly well reproduces the monopole and quadrupole spectra. Thus the assembly bias appears to be mainly from the density field around mock galaxies, while the velocity field is not largely changed by the assembly bias.
does not change the RSD effect. Or equivalently the peculiar velocity field of low-concentration halos is not so different from that of halos with the same mass -i.e. little assembly bias effect on the velocity field [see 92, 93, for similar discussion].
To quantify the impact of assembly bias on cosmological parameter estimation, we estimate a possible bias on the cosmological parameters due to the ignorance of the dependence on the concentration in the model, using the formula [94, 95] 
where P S+AB (k i ) is the power spectrum measured from the mocks with assembly bias, and P S (k) without superscript "+AB" is the fiducial power spectrum. The quantity δp α estimated from the above equation quantifies a bias in the parameter p α due to the assembly bias effect, if the model predictions do not include the effect. Fig. 17 shows the results for a possible bias in Ω m or σ 8 if the assembly bias affects the redshift-space power spectra for all the LOWZ, CMASS1, CMASS2-like galaxies. Since the assembly bias we consider is an extreme case and the assembly bias, even if exists, unlikely affects all the SDSS galaxies at different redshifts, this can be considered as a worst case scenario. The figure shows that the assembly bias does not cause an amount of bias in these parameter greater than the marginalized error. This is because the assembly bias changes only the overall amplitudes of the real-space power spectrum, i.e. a change in the apparent galaxy bias, and does not affect the RSD effect, as shown in Fig. 16 . We have actually confirmed that this assembly bias effect causes a significant bias in the forecast on Ω m and σ 8 when we do not include any uncertainty in the halo-galaxy connection, but can be absorbed by the changes in HOD parameters, even if all the other nuisance parameters, c conc , c vel , p off , R off and P SN , are fixed to their fiducial values.
VI. CONCLUSION
In this paper we have studied the cosmological information content in the redshift-space power spectrum of galaxies over a range of wavenumber scales from the linear to quasi-nonlinear regimes. For this purpose we made use of a suite of the halo catalogs constructed from high-resolution N-body simulations to build mock catalogs of SDSS-like galaxies by populating galaxies into halos based on a prescription of the halo occupation distribution (HOD) model. Using these mocks we studied how changes in cosmological parameters and the halo-galaxy connection parameters alter the redshift-space power spectrum of (lower panels) due to the effect of assembly bias on the redshift-space power spectrum, if the effect is ignored in the model prediction. We here assume that the assembly bias, which is implemented in the same way as in Fig. 16 , affects the redshift-space power spectra for all the LOWZ, CMASS1, and CMASS2-like galaxies, and then estimate the parameter bias using the Fisher method (Eq.37). We show the results, relative to the fiducial value (true value) of each parameter, as a function of the maximum wavenumber k max , and also show the marginalized error for comparison.
galaxies. Assuming that the redshift-space power spectrum of halos hosting the galaxies carries the cosmological information, we performed a Fisher information analysis on the redshift-space galaxy power spectrum. We studied how the power spectrum of SDSS-like galaxies can be used to constrain the cosmological parameters (Ω m and σ 8 ) and the cosmological distances (D A and H), even after marginalization over the halo-galaxy connection parameters.
We showed that the cosmological parameters and the cosmological distances via the AP effect cause characteristic effects on the monopole and quadrupole power spectra of galaxies over the range of scales we considered (up to k max = 0.3 h Mpc −1 ) that appear quite different from the effects caused by changes in the halo-galaxy connection parameters (Fig. 5) . In particular, we found that the BAO features are quite powerful, even in the presence of the effects of halo-galaxy connection, and allow for robust measurements of the angular and radial cosmological distances, D A and H at a redshift of the galaxy survey (Fig. 8) . Compared to this, the parameters (Ω m , σ 8 ), which control the amplitude of redshift-space power spectrum and the RSD strength, are more affected by the galaxy-halo connection parameters, although the constraints can be continuously improved by including the redshift-space power spectrum information from the linear regime up to the nonlinear regime, up to k max = 0.3 h Mpc −1 in our exercise. Even if the signal-to-noise ratio of the quadrupole power spectrum amplitude is smaller than that of the monopole power spectrum by up to a factor of 100, the quadrupole power spectrum carries the sensitivity to the cosmological parameters similar to that of the monopole power spectrum, and therefore combining the two allows one to improve the cosmological constraints, mitigating the impact of halo-galaxy connection parameters. For example, changes in the HOD parameters, more physically changes in the way to populate galaxies into halos, alters the overall amplitude of the redshift-space power spectrum because such changes alter relative contributions of different-mass halos hosting galaxies, where different-mass halos have different biases in the amplitude and scale dependence. This effect appears to be different from the effects of Ω m and σ 8 , and can be distinguishable if combining the monopole and quadrupole information. Thus our results imply that combining the monopole and quadrupole power spectra allows for a self-calibration of cosmological parameters, mitigating the impacts of the halo-galaxy connection parameters, to some extent.
To perform cosmological parameter inference from an actual data such as the SDSS spectroscopic galaxies, it requires a sufficiently accurate model of the redshift-space halo power spectrum as a function of cosmological models, separation (k), redshift and halo masses (exactly speaking, masses of two halos taken in the power spectrum measurement). With the advent of high-performance computational resources, it would be possible to build a database or "emulator" that allows for a fast, accurate computation of the redshift-space power spectrum of halos, e.g. extending our previous method for the real-space power spectrum of halos in Ref. [34] . Once such a model of the redshift-space power spectrum of halos is available, we can use the HOD-type prescription to obtain the model prediction for the redshift-space power spectrum of galaxies; we can make a weighted sum of the halo power spectrum over halo masses to obtain the 2-halo term, and then add the 1-halo term taking into account a sufficient number of nuisance parameters to account for variations in the model ingredients (the spatial and velocity distributions of satellite galaxies in the host halos and a possible off-centering effect of central galaxies), based on the halo model (Section II B). This is our ongoing project, and will be presented elsewhere.
A uniqueness of the redshift-space power spectrum, compared to other large-scale structure probes, is that the anisotropic features allow one to measure the cosmological distances (also via the BAO peaks) as well as the RSD effect. Here the RSD effect is expected to be a powerful probe of the gravity theory on cosmological scales. We have also addressed this question. By introducing a parameter f RSD to control the amplitude of the RSD effect of halos hosting galaxies in the mocks, we assessed a power of the redshift-space power spectrum for making a model-independent estimation of the RSD parameter together with the distance parameters D A and H. With this parameterization, the constraint on f RSD is purely from the anisotropic features in the redshift-space power spectrum, because it does not alter the real-space power spectrum. We found that a fractional accuracy of f RSD , corresponding to a fractional error of f σ 8 in the linear regime, is about 10% if we include the redshift-space power spectrum up to k max = 0.3 h Mpc −1 , after marginalization over the halo-galaxy connection parameters and uncertainties in the FoG effect due to virial motions of galaxies in their host halos. Our forecast might be considered as a conservative forecast, but generally implies that there are severe degeneracies between the RSD effects and the systematic effects due to the halogalaxy connection or the 1-halo term. It would be worth to explore a measurement-side method of mitigating the FoG effect, e.g. a reconstruction method of halos from the observed galaxy distribution [14, 79, 96] , which enables to mitigate the FoG contamination due to satellite galaxies.
Furthermore we have studied the impact of possible assembly-bias effect on the cosmological parameters from the redshiftspace power spectrum. Although we used a prescription to populate galaxies into halos depending on the mass concentration of individual halos, which gives a proxy of the assembly history of each halo, we found that the assembly bias mainly changes the overall amplitude of the redshift-space power spectrum, i.e. the bias parameter, but little alters the peculiar velocities of galaxies and therefore the RSD effect (Fig. 16 ). Hence we concluded that the assembly bias unlikely causes a significant bias in cosmological parameters if the monopole and quadrupole power spectra are combined. However, our conclusion is based on the simplified treatment, and it would require a more detailed study using a more realistic model of the assembly-bias effects such as the effects predicted by hyrdodynamical simulations.
It would be also interesting to explore a method of combining the redshift-space power spectrum with the galaxy-galaxy weak lensing information. The galaxy-galaxy lensing signals for the same spectroscopic galaxies used in the clustering analysis are available if a deeper imaging data, which allows one to select background galaxies behind each spectroscopic galaxy, is available for the same region of the sky. This is the case, for example for the SDSS BOSS spectroscopic survey and the Subaru Hyper Suprime-Cam survey [97] . The galaxy-galaxy weak lensing probes the average matter distribution around the spectroscopic galaxies, and can be used to constrain the bias relation between galaxy and matter distributions, which will in turn enable to help break degeneracies between the cosmological parameters (e.g. σ 8 or RSD parameter) and the HOD parameters. This is our future work. spectrum and the linear galaxy bias as
Thus we estimated the linear galaxy bias from the weighted sum of halo bias with the halo mass function and the HOD model for a given model, and we used Dark Emulator in Ref. [34] to compute the halo mass function as well as the linear halo bias b h (M) for an input cosmological model. While most of these measured response signals are consistent with the linear theory at large scales within the error bars, the responses with respect to the satellite HOD parameters log M sat and α sat are somewhat out of control of the linear theory even at large scales, in particular for the CMASS2. The CMASS2-like galaxies tend to reside in the higher mass halos compared to the LOWZ and CMASS1 (see Fig. 1 ). The redshift of CMASS2 is higher than those of other two sample and hence the population of such high-mass halos has a poor statistics, which leads to the large Poisson noise in the mock galaxy population. The linear theory prediction of the response to α sat is not consistent with the measured data for all the redshift slices. This is mainly due to the subtle difference between the large-scale bias predicted by the Dark Emulator and that determined from the low-k signals of the measured power spectrum. At larger k, the FoG effect affects the galaxy power spectrum, which cannot be described by the above linear theory prediction.
To study a possible impact of this numerical differences of the responses on the Fisher forecasts on cosmological parameters, we simply multiply a factor to the responses with respect to log M sat and α sat to be consistent with their linear theory predictions and recompute the Fisher matrix, confirming that the cosmological parameter constraints are almost unchanged.
